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An important role for bioenergetic dysfunction is increas- 
ingly emerging to potentially explain the paradox of clinical 
and biochemical organ failure in sepsis yet minimal cell death, 
maintained tissue oxygenation and recovery in survivors. Asso- 
ciations are well-recognized between the degree of mitochon- 
drial dysfunction and outcomes. While this does not confirm 
cause-and-effect, it does nevertheless suggest a new route for 
therapeutic intervention focused on either mitochondrial pro- 
tection or acceleration of the recovery process through stimu- 
lation of mitochondrial biogenesis (new protein turnover). This 
is particularly pertinent in light of the multiple trial failures 
related to immunomodulatory therapies. This overview will 
provide insights into mitochondrial biology, the relevance to 
sepsis, and therapeutic opportunities that possibly emerge. 



Introduction 

Sepsis represents a deranged and exaggerated systemic inflam- 
matory response to infection that can progress to multi-organ 
dysfunction (severe sepsis) including shock. Sepsis-related organ 
failure still carries a significant morbidity and mortality, 1 ' 2 
with long-term physical and neurocognitive problems affecting 
many survivors or critical illness. 3,4 While an excessive degree of 
inflammation in response to the infectious insult is a clear trig- 
ger for activation of multiple downstream pathways, the precise 
pathophysiologic mechanisms underlying the development of 
multi-organ failure (MOF) remain elusive. 5 

While the presence of an impaired circulation leading to tis- 
sue hypoperfusion makes a well-recognized contribution to the 
development of MOF, organ dysfunction can still occur even in 
the absence of gross macrovascular abnormality. Some authori- 
ties propose intraorgan redistribution of blood flow with con- 
sequent shunting of blood away from nutrient capillaries while 
others suggest an obstructed/constricted microcirculation may 
impair regional perfusion. However, these claims need to be 
set in the context of a remarkably preserved histology in most 
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organs affected by the septic process. While many organs mani- 
fest evidence of inflammation with migration of inflammatory 
cells (neutrophils and macrophages), increased interstitial fluid 
related to a greater degree of capillary leak, and some epithelial 
disruption, there is remarkably little cell death, either apoptotic or 
necrotic. The degree of cell death is disproportionately minor in 
comparison to the severe clinical and biochemical presentation of 
organ dysfunction. Even at postmortem, a small increase in apop- 
tosis was noted in immune tissues such as spleen, lymph nodes, 
lymphocytes, and gut epithelium, whereas minimal change was 
noted in multiple other organs like the heart, lung, brain, muscle, 
and kidney. 6,7 

Acute tubular necrosis within the kidney is a relative misno- 
mer in both human and laboratory model sepsis, 7,8 while histo- 
logical injury is often more traceable to the therapy rather than 
the underlying septic condition. For example, contraction band 
necrosis is a common finding within the heart on necropsy of 
septic shock patients and this is pathognomonic of excess cat- 
echolamine levels, particular related to high-dose administration 
of norepinephrine, epinephrine, and dobutamine. 9 

A novel paradigm needs to be embraced that can explain 
(1) the clinical manifestations of organ failure yet an absence of 
significant cell injury, (2) the relatively rapid recovery of func- 
tion in survivors, even in organs that are poorly regenerative, 
and (3) the finding that tissue oxygen tensions are preserved or 
even elevated within failed organs in resuscitated established sep- 
sis. 10 " 12 As the predominant utilizer of oxygen within the body are 
mitochondria, primarily for generation of ATP but also for other 
roles including heat production, a metabolic shutdown akin to 
hibernation, is a plausible option worth exploring. This would 
maintain tissue oxygen levels by decreasing demand, and protect 
against cell death. 

Mitochondrial Function in Health 

The physiological roles of mitochondria 

Apart from erythrocytes, all cell types possess mitochon- 
dria. These organelles provide (in most cell types) the bulk of 
the energy (in the currency of ATP) required for normal cellu- 
lar functioning, including the ability to respond to any (patho) 
physiological stress. Mitochondria utilize approximately 98% 
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of total body oxygen consumption. 
They have many other roles other 
than ATP production including heat 
generation, intracellular calcium 
regulation, thermoregulation, and 
production of reactive oxygen spe- 
cies (ROS). 13-16 ROS are required for 
signaling, maintenance of vascular 
tone, and oxygen sensing. Other than 
carbon dioxide, the body generates 
three other endogenous gases, nitric 
oxide, carbon monoxide, and hydro- 
gen sulfide, which are all important 
regulators of mitochondrial signal- 
ing in health. 17 " 19 The higher concen- 
trations of these gases generated in 
disease states such as sepsis have pro- 
gressively greater inhibitory effects 
on mitochondrial respiration and 
ROS generation. 17 " 19 

Mitochondria are also the site of 
production (e.g., Cortisol) or action 
(e.g., triiodothyronine, estrogen) of 
many hormones, 20 " 22 and the biosyn- 
thesis of heme and iron-sulfur clus- 
ters. 23 Mitochondria also trigger cell 

death pathways — necrosis when ATP levels fall below a certain 
threshold and apoptosis through release of mitochondrial cyto- 
chrome c into the cytoplasm. 24 
Energy generation 

ATP is generated either by glycolysis in the cytosol but, to 
a much greater degree, by oxidative phosphorylation (Fig. 1). 
This process occurs in both human mitochondria and bacte- 
ria — signifying their shared lineage — initially by transfer of 
electrons from the Krebs cycle to the electron transport chain 
via NADH and FADH 2 . The chain consists of four enzyme 
complexes (Complexes I— IV) and two transporters (ubiquinone 
and cytochrome c). While electrons are being moved down 
the chain, protons are pumped across the inner mitochondrial 
membrane, creating an electrical potential. This "chemiosmotic 
gradient" provides the energy (proton-motive force) for ATP syn- 
thase (Complex V) to phosphorylate ADP to ATP. ATP is then 
transported out of the mitochondria via the specialized adenine 
nucleotide translocase (ANT) transporter. 

The substrate for electron transfer and eventual ATP produc- 
tion comes primarily from glucose (via glycolysis) or (3-oxidation 
of fat (which enters as fatty acids via the Krebs cycle or succinate 
into the electron transport chain). The carnitine pathway is an 
intermediary step for transport of long-chain fatty acids. 

Oxygen is the terminal electron acceptor of the chain at 
Complex IV, being reduced to water. Premature or incomplete 
reduction of oxygen will increase superoxide radical production, 
mainly at Complex III but also Complex I. The mitochondrion 
has intrinsic defense mechanisms to protect against damage 
induced by ROS through its large array of antioxidants (e.g., 
superoxide dismutase, glutathione, thioredoxin). 25 However, 
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Figure 1. Sources of ATP production. Glucose is metabolized to pyruvate via the glycolytic pathway. 
Pyruvate (and free fatty acids) enter the mitochondria where they are converted to acetyl CoA. This enters 
the Krebs cycle that, via NADH and FADH 2 , donates electrons to Complexes I and II of the electron trans- 
port chain, respectively. The electrons pass down the chain to Complex III and thence to Complex IV, 
where oxygen is the terminal electron acceptor. Protons cross the mitochondrial membrane and, in so 
doing, create an electrochemical gradient to enable ATP synthase to generate ATP from ADP. The ATP is 
then transported to the cytosol to fuel energy-requiring cellular processes. A relatively small amount of 
ATP is also produced by glycolysis and the Krebs cycle. 



these can be overwhelmed in pathological processes generating 
large amounts of ROS. 

Importantly, the process of ATP production is by no means 
100% "efficient" in terms of oxygen utilization. In health 
approximately 1—2% of oxygen consumed is directed toward 
ROS production whereas much greater amounts of oxygen are 
"uncoupled" from energy production and lost as heat. This var- 
ies from tissue to tissue, being low in heart and much higher in 
liver and skeletal muscle. 26 Uncoupling is due to various mecha- 
nisms, including specialized uncoupling proteins (UCPs) within 
the inner mitochondrial membrane, the best known of which is 
UCP-1 present in brown fat that is a vital source of heat genera- 
tion for neonates and hibernating mammals 

The mitochondrial life cycle 

Mitochondrial biogenesis involves the production of mito- 
chondrial proteins encoded either by nuclear DNA, with sub- 
sequent import and integration into the mitochondria, or via 
mitochondrial DNA which encodes 13 proteins mainly situated 
within the oxidative phosphorylation pathway. Biogenesis thus 
replaces damaged proteins and improves the capacity for energy 
production if energy demands increase over time. 

PPARgamma-coactivator-la (PGC-la) is a key player that 
orchestrates mitochondrial biogenesis. 27 It activates transcription 
factors such as nuclear respiratory factors 1 and 2 (NRF-1 and 
-2) that upregulate nuclear production of mitochondrial proteins 
and subsequent expression of transcription factors such as Tfam 
(transcription factor A for the mitochondrion) that stimulate 
transcription of mitochondrial DNA. PGC-la expression var- 
ies in response to many stimuli, e.g., physiological (e.g., exer- 
cise), pathophysiological (e.g., hypoxia), and hormonal (through 
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interaction with thyroid, glucocorticoid, estrogen, and estrogen- 
related receptors. 27 Endogenous nitric oxide also upregulates 
expression of PGC-la. 2s While NO (and its metabolites such as 
peroxynitrite) can, in the short term inhibit mitochondrial respi- 
ration through direct inhibition of the electron transport chain, 
competing with oxygen at Complex IV, or nitrosylating/nitrating 
mitochondrial Complex proteins, 29 NO may also be responsible 
for generating new, healthy mitochondria by stimulating mito- 
chondrial biogenesis. 28 

Mitochondria also undergo numerous morphological changes 
during fusion and fission events. This plays an important role 
in cell division and proliferation, as well as in the self-directed 
removal of damaged or surplus mitochondria, a process known 
as mitophagy. 30 Proteins driving fusion events (e.g., mitofusin-2) 
and fission events (e.g., DRP-1) have been associated with altered 
mitochondrial membrane potential and reduced oxygen con- 
sumption. 30 Fission and fusion increase in stress conditions, 
playing critical roles in removing damaged mitochondria and 
augmenting repair processes. 

Mitochondrial Dysfunction in Sepsis 
and Multi-Organ Failure 

Systemic inflammation 

A systemic inflammatory response can be triggered by 
microbial antigens (sepsis) or, in a similar fashion, intrinsic fac- 
tors released into the circulation as a result of trauma or other 
injury. These host-derived danger associated molecular patterns 
(DAMPs) are released in response to stress, tissue injury or cell 
death and include intracellular constituents such as heat shock 
proteins, histones, DNA, and mitochondria themselves. 31 ' 32 

Specialized receptors (e.g., the Toll-like system) recognize 
these microbial and host molecular patterns and modulate (either 
up- or downregulating) the transcription of genes encoding for 
proteins not only involved in inflammation (such as cytokines 
and cytokine receptors), but also in multiple pathways involving 
cardiovascular, immune, hormonal, coagulation, metabolic, and 
bioenergetic systems. 5 The cytokines themselves have signaling 
effects on most cell types, triggering activation or suppression of 
multiple intracellular pathways thus modulating their function. 
Other products of inflammation include reactive species such as 
nitric oxide and superoxide that are produced in supranormal 
quantities, the degree of which relates to outcomes. 33,34 These 
may directly affect protein functionality through posttranscrip- 
tional effects, e.g., oxidation, nitrosylation, nitration, and acety- 
lation, and may cause direct damage to other cell constituents, 
e.g., lipid peroxidation. 35 

Hormonal activation is an early component of the inflam- 
matory response to sepsis. 36 Acute phase hormones such as 
adrenaline and Cortisol prepare the body for stress, e.g., increas- 
ing cardiac output, diverting blood flow to appropriate organs 
involved in flight and fight (e.g., brain, heart, and muscle), 
modifying hepatic protein production toward acute phase pro- 
teins involved with defense and transport, and modulating meta- 
bolic activity. For example, they are counter-regulatory against 
insulin to increase glucose availability while, at the same time, 



altering cellular substrate utilization. Lactate release from muscle 
is enhanced by catecholamines to provide a ready fuel substrate 
for other organs such as brain, liver, and heart. 37 At the same 
time, non-essential activities, i.e., those not immediately involved 
in dealing with the stressor such as general anabolic activities and 
DNA repair, are downscaled. 

A very early activation of the cardiovascular system involves 
a combination of macro- and microvascular responses with 
increases in overall cardiac output and redistribution of blood 
flow to those organs needing a greater delivery of oxygen and 
energy substrates to supply the greater metabolic requirements 
of their cells. Changes in vascular tone and alterations in the 
endothelial barrier allow an increased egress of fluid contain- 
ing substrate and white cells out of the circulation to deal with 
infected or damaged tissue. Coagulation increases in inflamed 
areas to wall off areas of damage and to occlude draining blood 
vessels, thus preventing spread of bacteria, toxins, and DAMPs 
to other parts of the body. 38 However, while appropriate in con- 
tained areas, an excessive and uncontrolled response will affect 
body organs initially untouched by the original insult. Excessive 
systemic capillary leak will result in large amounts of interstitial 
fluid and loss of circulating intravascular volume with a resulting 
decrease in cardiac output. This may be compounded by exog- 
enous loss of fluid (related to pyrexia-related sweating, vomit- 
ing, diarrhea, ileus, etc.), suppression of myocardial contractility 
through high levels of inflammatory mediators (including NO) 
and other mechanisms, 35 and an excessive loss of vascular tone 
critically affecting organ perfusion. 40 In addition to myocardial 
depression, as the organ dysfunction progresses, other factors also 
contribute to a reduction in the hyperdynamic circulation seen at 
the onset of sepsis. This may include a direct negative feedback 
resulting from a reduction in metabolic demand, in part caused 
by a decreased mitochondrial requirement for oxygen. 

Impact of an exaggerated inflammatory response on 
mitochondria 

Mitochondria can be affected in various ways through the sys- 
temic inflammatory process: 

1) Impaired perfusion early in the septic process, due to intrin- 
sic and extrinsic fluid losses and decreased intake, myocardial 
depression, microcirculatory redistributions of blood flow and 
loss of vascular tone, can lead to tissue hypoxia, i.e., insufficient 
oxygen at the mitochondrial level to drive oxidative phosphoryla- 
tion of ADP to ATP. 41,42 While the particular enzyme characteris- 
tics of Complex IV allows it to function effectively at low oxygen 
concentrations in health, critically low levels may compromise 
ATP generation and potentially trigger cell death pathways. 42 

2) Generation of excess amounts of NO, carbon monoxide, 
hydrogen sulfide, and other ROS directly inhibit mitochondrial 
respiration, and cause direct damage to mitochondrial protein and 
other structures such as the lipid membrane. 17 " 19,35 We reported a 
decrease in mitochondrial complex I activity that was associated 
with the degree of nitric oxide production in the skeletal muscle 
of patients admitted to intensive care with septic shock 43 and, 
subsequently, in muscle and liver in a long-term rodent model 
of fecal peritonitis. 44 Others have shown similar findings e.g., 
Vanasco et al. 45 In a recent paper looking at rapid postmortem 
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liver and kidney samples, gross tissue histology showed minimal 
cell death however, on electron microscopy, widespread mito- 
chondrial injury was apparent with hydropic mitochondria and 
membrane injury. 7 

3) Hormonal alterations in sepsis affect mitochondrial func- 
tion and efficiency. For example, thyroid hormone is thought to 
predominantly exert its effects via modulating mitochondrial 
activity. 20 Early in the septic process there is a rise in thyroid 
activity however, in established sepsis, the "sick euthyroid" or 
"low T3" syndrome is a well-recognized phenomenon 46,47 that 
may impact mitochondrial function. 48 

4) Genes transcribing mitochondrial proteins are down- 
regulated early in the inflammatory response. This was first 
recognized in human volunteers receiving endotoxin 49 and subse- 
quently described by us in critically ill patients. 50 

The majority of the literature does support the above findings 
though variation should be acknowledged. Whether this relates 
to species differences, inter-organ differences or methodological 
limitations requires further elucidation. 

Metabolic consequences 

The above effects on mitochondria — inhibition, damage, and 
decreased turnover of new mitochondrial protein — will affect 
generation of ATP. This will be compounded by the mitochon- 
drial inhibition/damage induced by the many drugs given as part 
of patient management in the critical care setting, including anti- 
biotics, catecholamine inotropes, and sedatives. If cellular meta- 
bolic activity continued in the face of insufficient energy, then 
ATP levels will drop and cell death pathways will be activated. 
Notably, as described earlier, this does not appear to be a major 
feature of sepsis-induced organ failure so clearly the cell must 
adapt to cope with the falling energy supply. One option available 
is an increase in non-mitochondrial ATP production through 
enhanced glycolytic activity. 51 However, this is only designed to 
be a partial and relatively short-term solution and cannot com- 
pletely replace mitochondrial ATP production. Second, and 
more likely, a decrease in metabolic activity will reduce energy 
requirements and generate a new steady-state whereby the cell 
does not function normally yet, at the same time, does not allow 
ATP levels to drop to trigger cell death. This is akin to hiber- 
nation 52 ' 53 or many other biological equivalents such as bacterial 
dormancy or to estivation, the summer equivalent of hiberna- 
tion whereby cells belonging to multiple species ranging from 
plants to fish to snakes to some mammals, enter a state of torpor 
until the hot, arid conditions subside. 54,55 Hibernation is a well- 
recognized phenomenon in the human heart when a low level 
of myocardial perfusion persists following an ischemic event. In 
such cases, cardiomyocytes decrease their activity, i.e., contrac- 
tion, until adequate perfusion is regained and normal function 
is then restored. 56 

If this hypothesis is correct, there are likely to be switches that 
decrease metabolism in response to a diminished availability of 
energy and an inflammatory milieu. Whether these relate in sep- 
sis to levels of tissue oxygen or ROS, levels of ATP or to other 
factors requires elucidation. 

A decrease in cell functionality will be manifest, if sufficiently 
severe, as altered physiological and biochemical functioning of 



the organ. This is then described as organ "dysfunction" or "fail- 
ure" but may actually represent a late-stage adaptive process by 
the cell/organ/body to deal with the onslaught of a prolonged 
and severe inflammatory response. 57 Other energy-sparing mech- 
anisms may also come into play. For instance, oliguria is arguably 
a consequence of a decrease in glomerular filtration that spares 
the kidney from its major energy-utilizing activity, namely reab- 
sorption of 98% of the salt and water filtered into the tubules. 
Akin to being unwell from any moderate or severe illness that 
will reduce general everyday activity and encourage the sufferer 
to rest, sleep, and decrease their food intake, so a similar parallel 
can be drawn to organ and cellular function. This is likely driven 
by proinflammatory cytokines, modulations in autonomic activ- 
ity and hormonal changes. Support for a bioenergetic-metabolic 
shutdown as a plausible explanation for sepsis-induced MOF 
comes from the corroborative findings of minimal cell death, 6,7 
maintained (or elevated) tissue oxygen levels, 10 " 12 reduced oxygen 
consumption in line with increasing severity, 58 and the ability 
to recover function within days to weeks after resolution of the 
deranged inflammatory process. Notably, incubation of cells in 
plasma taken from septic patients results in a marked depression 
of mitochondrial respiration with associated oxidative stress. 59,60 
Clinical relevance 

Various preclinical and clinical studies have demonstrated an 
association between the degree of mitochondrial impairment or 
histological damage and either clinical severity, organ dysfunc- 
tion or poor outcomes. For example, we showed that low skeletal 
muscle Complex I levels in critically ill patients were associated 
with higher organ failure scores while higher levels of ATP were 
seen in survivors compared with non-survivors. 43 Similar results 
were seen in our long-term animal model. 44 

Recovery processes 

Haden et al. used a long-term mouse model of S. aureus 
peritonitis to demonstrate that organ dysfunction and clini- 
cal illness were accompanied by decreases in metabolic rate and 
mitochondrial mass. 61 Recovery of metabolic activity and organ 
function, accompanied by clinical improvement, were preceded 
by an upregulation of markers of mitochondrial biogenesis such 
as PGC-la, Tfam, and NRF-1, and suppression of RIP140, an 
endogenous co-repressor. 61 

Mitochondrial biogenesis thus seems critical in the recovery 
process. We showed in intensive care patients suffering from 
multi-organ failure that eventual survivors had, early in their 
disease process, higher levels of PGC-la and better-maintained 
levels of Complex protein levels alongside a greater protective 
antioxidant (manganese superoxide) response. 50 This was mea- 
sured from vastus lateralis thigh muscle biopsy specimens. Of 
note, a recent study of endotoxic mice found that locomotor 
muscles were more susceptible to mitochondrial injury com- 
pared with ventilatory muscles, with decreased biogenesis and an 
increase in autophagy. 62 

Thus, biogenetic responses may not only vary with disease 
severity but also anatomical location. Timing of recovery may 
also vary between species, is likely to be age-dependent, affected 
by the type of insult (e.g., a bacterial vs. an endotoxic insult), 
and may be enhanced or delayed by therapeutic interventions. 



www.landesbioscience.com 



Virulence 



69 



Bacteriostatic antibiotics inhibit biogenesis while a variety of 
agents stimulate this process. For example, transgenic mice pro- 
ducing more PPAR7 and wild type mice treated with the PPAR7 
agonist rosiglitazone both showed increased PGC-la levels; this 
was associated with mitochondrial protection, less myocardial 
dysfunction and improved survival following lipopolysaccharide 
administration. 63 Likewise, treatment with resveratrol, a stimu- 
lant for PGC-la production via sirtuin activation, improved 
mitochondrial injury and cardiac function, though not survival 
in another septic murine model. 64 

A parallel interest is growing in the ability to clear damaged 
mitochondria. 65 Mitophagy (autophagic degradation) and mitop- 
tosis (programmed destruction) are the processes by which cells 
deal with impaired mitochondria. The efficiency of these pro- 
cesses may be an important contributory factor to pathogenesis 
of various disease states. Mitophagy involves selective seques- 
tration with subsequent degradation of damaged mitochondria 
before they can activate cell death pathways and cause death of 
the cell as a whole. Mitophagy thus functions as an early protec- 
tive response. In contrast, increased oxidative stress and apoptotic 
proteases can inactivate mitophagy and trigger further inflamma- 
tion, 66 so a fine balance exists. Gunst et al. recently demonstrated 
that impaired autophagy contributes to mitochondrial dysfunc- 
tion and organ failure in a rabbit burn model. 67 Deficiency of the 
inducible form of NO synthase or pharmacological inhibition of 
NO production enhanced inflammasome-dependent cytokine 
production and decreased stabilization of mitochondria, thereby 
increasing mortality in a murine endotoxin model. 68 Using a 
septic mouse model, Crouser et al. suggested an increase of 
mitophagy occurs early in sepsis with subsequent repopulation 
by healthy mitochondrial populations. 69 

Putative therapies 

A variety of strategies are available that can either protect 
mitochondria from injury, or increase biogenesis with the aim of 
accelerating recovery. 70 The challenge with any such approach is 
to find a middle ground between abrogating the harm induced 
by excessive damage/inhibition/reduced turnover of mitochon- 
dria, yet without significantly impairing any adaptive and protec- 
tive process that may compromise host recovery. As an exemplar, 
reactive oxygen species are damaging in excess yet also offer 
important signaling, immune-modulating and other roles that 
are vital not only in health but also in stress states. The role of 
energy metabolism in immune cell activation and suppression is 
increasingly recognized; 71,72 the impact of altered bioenergetic 
function on innate immunity needs to be placed in context with 
functionality in other organs. 

Antioxidants 

Antioxidants can protect mitochondria against oxidative/ 
nitrosative stress. For example, melatonin has antioxidant effects 
and improved redox state and mortality in animal models of 
sepsis. 73,74 Antioxidants targeted specifically to mitochondria 
(e.g., MitoQ and MitoE) have also shown improved mitochon- 
drial activity and reduced severity of organ failure in animal 
models. 74,75 



Decreasing metabolic rate 

Decreasing metabolic rate is well established in clinical prac- 
tice through inducing therapeutic hypothermia in cardiac arrest 
survivors, 75 with possible utility in other neurological injuries. 76 
A recent study in rats with pneumococcal pneumonia demon- 
strated that hypothermia was associated with increased adenosine 
triphosphate availability and turnover. 77 

Carbon monoxide and hydrogen sulfide have similar effects 
that can induce the hibernation state alluded to earlier. While 
high levels of either are toxic to mitochondria, lower concen- 
trations may be tissue-protective. Protection has been demon- 
strated with a water-soluble carbon monoxide releasing agent 
given to a mouse model post-induction of sepsis. Survival rates 
improved and accompanied by an increase in mitochondrial res- 
piration, in PGC-la expression and mitochondrial DNA copy 
number. 78 Hydrogen sulfide, also an inhibitor of complex IV, 
reduces oxygen consumption in mice and induces a reversible 
state of "suspended animation". 75 Its potential utility in sepsis has 
been demonstrated in several animal studies with improvements 
in organ function and survival. 80 " 83 However, in these studies 
the drug has been administered early, almost as a prophylac- 
tic treatment. Its benefits may be derived from its anti-inflam- 
matory actions although, arguably, it may act predominantly 
through promoting a protective metabolic shutdown triggered 
by decreased energy availability akin to the intrinsic adaptive 
process argued previously. 

Stimulating mitochondrial biogenesis 

Carbon monoxide is released endogenously after activation 
of heme oxygenase (HO)-l. Induction of HO-1 in sepsis models 
has been shown to have an action through NRF-2, linking it to 
mitochondrial biogenesis, and improving survival. 84,85 Thomas 
et al. recently reported use of a recombinant human TFAM in 
cultured mouse fibroblasts and a murine model of sepsis with 
improved redox and mitochondrial activity profiles, and sur- 
vival rates. 86 Their murine model of Parkinson disease also 
showed rhTFAM improved motor function. 86 This may have 
implications in severe sepsis as muscle wasting occurs early, 87 
and with significant subsequent impact on return to normal 
function. 4 

Conclusion 

In summary, there is significant evidence that implicates 
mitochondrial dysfunction in sepsis-induced organ dysfunc- 
tion. Whether this is causative or epiphenomenal is less clear. 
However, survivors have better preservation of ATP, mitochon- 
drial function, and biogenesis markers. Multi-organ failure may 
however represent a mechanism through which the likelihood of 
eventual survival is enhanced in those hardy enough to survive as 
cells may enter a "hibernating" state in the face of overwhelming 
inflammation. 
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